Infections remain a significant cause of morbidity and mortality in cancer patients. The differential diagnosis for these patients is often wide, and the timely selection of the right clinical tests can have a significant impact on their survival. However, laboratory findings with current methodologies are often negative, challenging clinicians and laboratorians to continue the search for the responsible pathogen. Novel methodologies are providing increased sensitivity and rapid turnaround time to results but also challenging our interpretation of what is a clinically significant pathogen in cancer patients. This minireview provides an overview of the most common infections in cancer patients and discusses some of the challenges and opportunities for the clinical microbiologist supporting the care of cancer patients.
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C
ancer is the leading cause of death worldwide, with 8.2 million deaths reported worldwide in 2012 (1) . Common treatment options for oncology patients include hematopoietic stem cell transplantation (HSCT), chemotherapeutic drugs, and surgical resection. The first successful HSCT was performed in 1959 by E. Donall Thomas in Cooperstown, NY, with infusion of two acute lymphocytic leukemia (ALL) patients with bone marrow from their disease-free identical twins. Although initially successful, their remission was short-lived, with recurrence of the disease occurring within a few months of the transplant (2) . Today, HSCT is a curative therapy for many types of hematologic malignancies and immune deficiency diseases. E. Donall Thomas and Joseph E. Murray received the 1991 Nobel Prize in Physiology or Medicine for their discoveries concerning "organ and cell transplantation in the treatment of human disease."
Of note for microbiologists, the history of cancer chemotherapy started as a history of antibiotics with Paul Ehrlich's discovery in 1909 of arsphenamine (Salvarsan), the first effective treatment against Treponema pallidum infection. Paul Ehrlich also evaluated early versions of alkylating agents to treat cancer but with little hope that these drugs would be curative. Decades of investigations and trials have resulted in the current modern chemotherapeutic agents that are curative for large groups of either hematologic malignancies or solid tumors when used in conjunction with surgical resection (3) .
CANCER AND INFECTIONS
Infections remains a significant cause of death in cancer patients, particularly in HSCT recipients (1) . Susceptibility to infections is related to a host's ability to reconstitute their immune system following HSCT and/or chemotherapy treatment. The longer it takes a patient to recover, the higher at risk they are of developing infections. In general, the highest risk of infections occurs in allogeneic HSCT recipients and leukemia patients, and the lowest risk occurs in solid-tumor patients on standard chemotherapy (Table  1 ) (4) . The posttransplant period may be divided into three stages: preengraftment (less than 4 weeks), early postengraftment (3 weeks to 3 months), and late postengraftment (Ͼ3 months) stages (Fig. 1) . The defect in innate immunity (including breaks in mucosal barriers and decreased granulocyte and monocyte functions) translates into initial susceptibility to bacteria, Candida, and herpes simplex virus (HSV) during the preengraftment or early engraftment period. A delay in the recovery of adaptive immunity in the first 6 months posttransplant predisposes the host to herpesviruses reactivation, fungal infection, and respiratory virus infections (postengraftment period). Approximately 6 months after transplantation, innate immunity is almost completely recovered, while adaptive immunity may take a year or more to reconstitute (Table 1 and Fig. 1 ) (4, 5) . In comparison to HSCT recipients and patients with hematologic malignancies, the risk of infections in solid-tumor patients is lower and primarily related to neutropenia, which often lasts for only a few days (6) . This review discusses the laboratory diagnosis of infections in oncology patients, including patients with hematologic malignancies, regardless of their transplant status (e.g., patients with cancer-related immunosuppression, such as acute leukemia patients with leukopenia), solid-tumor patients, and recipients of HSCT. more significant pathogens and a frequent cause of bacteremia in HSCT recipients, especially in allo-HSCT recipients (10, 11) . Prevalence rates of VRE range between 16 and 27%, with mortality rates of 9% and 20% occurring early in the preengraftment period. Risk factors for developing VRE bacteremia include pretransplant VRE colonization, delayed engraftment, T-cell depletion, or receipt of mismatched peripheral blood stem cells (10, 11) .
Gram-negative bacteria. Worldwide, the incidence of infections caused by Gram-negative bacteria (GNB) in neutropenic cancer patients has increased in recent years, a consequence of injury to the mucosal surface of the gastrointestinal tract from cancer treatment (12, 13) . The most commonly reported GNB include Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter species, with rates ranging from 40 to 60% (12, 13) . Particularly worrisome is the emergence of carbapenem-resistant Enterobacteriaceae (CRE), extended-spectrum beta-lactamase Enterobacteriaceae (ESBL-E), multidrug-resistant Pseudomonas species, and Acinetobacter species. HSCT patients are at increased risks for GNB infections because of their extended hospitalization, the frequent use of indwelling devices (central venous catheter or urinary catheter), and routine exposure to broad-spectrum antibiotics. The reported mortality rates of CRE and ESBL-E bacteremia in patients with hematologic malignancies can be as high as 56% and 40%, respectively, especially during periods of extended neutropenia (14, 15) .
Laboratory diagnosis. Bacteremia is the most common bacterial infection in cancer patients, and bacterial blood culture remains the primary method of diagnosis. However, low recovery rates for blood cultures, with one review citing recovery rates of 20 to 30% during febrile episodes, present a challenge for establishing a rapid and definitive diagnosis (9) . This is particularly important in cancer patients in whom common signs of infections may be missing or indistinguishable from noninfectious syndromes. First, approximately 10 to 50% of solid-tumor patients and Ͼ80% of HSCT recipients and patients with hematologic malignancies develop neutropenic fever posttransplant or posttreatment (9) . This common syndrome is characterized by the absence of typical signs of infection (e.g., elevated neutrophils), and fever may be the only marker of bacteremia. Therefore, antibacterial prophylaxis (e.g., fluoroquinolone prophylaxis) is routinely used, especially for high-risk patients (6) . Second, cancer patients on corticosteroid therapy, which suppresses the inflammatory response, may present with afebrile bacteremia. To circumvent this problem, some institutions caring for these patients utilize surveillance blood cultures, which are collected at predetermined intervals posttransplantation (8) . The combination of routine prophylaxis, surveillance cultures, and other host variables translates into even lower sensitivity for blood cultures. New commercially available methodologies, including molecular blood culture panels, peptide nucleic acid fluorescent probes, and mass spectrometry, are additional tools that provide rapid preliminary data from positive blood cultures. This in turn can facilitate the implementation of targeted therapy based on organism identification, institutional antibiogram profile, or identification of a specific resistance marker (e.g., K. pneumoniae carbapenemase [KPC] or VRE). Recent technologies, including amplification methods (e.g., T2 magnetic resonance energy and broad-range PCR/electrospray ionization-mass spectrometry [ESI-MS]) that aim to detect organisms directly in blood samples provide an opportunity to improve on the diagnosis of bacteremia in oncology patients. However, the utility of these new methods still remains to be established.
Legionella species. Although mostly associated with water outbreaks in hospital or community settings, infections with Legionella species in patients with compromised cellular immunity results in high mortality (16) . In one cohort of HSCT patients, neutropenia was identified as the only risk factor, and mortality rates of up to 31%, caused primarily by Legionella pneumophila serotype 1 infections, were reported (17) . In cancer patients, nonpneumophila Legionella species are recovered more frequently (50 to 70%), with clinical presentations that may be atypical for Legionella species, including radiological findings suggestive of fungal infections and extrapulmonary diseases (16, 18) .
Laboratory diagnosis. Routine Legionella culture for respiratory specimens may be warranted in cancer patients. However, these cultures require special media and an extended incubation period, which may result in a significant delay in diagnosis. The use of urinary antigen tests provides an additional diagnostic option, but the sensitivities of these tests vary, and because they detect only Legionella pneumophila serotype 1 species, their utility in cancer patients may be limited.
Clostridium difficile. Due in part to their prolonged immunosuppression, HSCT recipients have an increased risk for Clostridium difficile infections (CDI), especially in the early preengraftment period (Table 1) . In a recent multicenter study conducted by members of the Comprehensive Cancer Centers Infection Control Group (C3IC), rates of health care-associated CDI in solid tumors and hematologic malignancy patients were twice the rates reported by the National Healthcare Safety Network for other hospitalized patients (15.8 versus 7.4 per 10,000 patient days, respectively), independent of the method used to detect C. difficile (19) . However, CDI incidence rates vary among transplant centers and with the type of HSCT procedure, with higher rates reported in allogeneic HSCT recipients (12.5 to 27.0%) than in autologous HSCT recipients (6.5 to 15%) (20) .
Laboratory diagnosis. Laboratory diagnosis of CDI in cancer patients is particularly challenging. The 2010 Infectious Diseases Society of America (IDSA) guidelines define CDI as the presence of diarrhea (i.e., 3 or more loose stools in Յ24-h period), a positive laboratory stool test for C. difficile toxin, and/or the presence of pseudomembranous colitis, as determined by colonoscopy or histopathology. However, diarrhea is a frequent symptom in many HSCT patients, and with asymptomatic carriage of C. difficile ranging from 7 to 18%, the detection of C. difficile, especially using highly sensitive molecular assays, is problematic in differentiating CDI from other causes of diarrhea, both infectious and noninfectious (21) .
Nontuberculous mycobacteria. The incidence of infections caused by nontuberculous mycobacteria (NTM) in oncology patients is low (0.4 to 5%) but has increased over the last few decades (22, 23) . The incidence and epidemiology of NTM species vary across centers, due in part to differences in the frequency of testing, transplant procedures, conditioning regimens, and environmental factors. Although Mycobacterium avium complex is the most commonly recovered NTM group in oncology patients, rapidly growing mycobacteria (RGM) are being recovered with increased frequency. One study reviewed the clinical features of 341 cancer patients positive for RGM (24) . Disseminated infection, frequently caused by Mycobacterium abscessus, was the least common presentation and occurred primarily in patients with hematologic malignancies soon after the receipt of chemotherapy treatment. Older patients with solid tumors presented more frequently with pulmonary infections caused by Mycobacterium fortuitum and M. abscessus/M. chelonae. In a large study in pediatric oncology patients, 50% of cases due to RGM occurred in patients with hematologic malignancies and presented as localized catheter-associated infection. Most cases were caused similarly by M. fortuitum and M. abscessus/M. chelonae, with an overall incidence of RGM infections of 2.9 cases per 100,000 patient days (25) .
Laboratory diagnosis. Mycobacterial culture remains the gold standard for diagnosing mycobacterial infection but is limited by its turnaround time of several days to several weeks. A particular challenge in cancer patients is the diagnosis of mycobacterial infections following an incidental finding of acid-fast bacilli (AFB), detected during staining of biopsy samples submitted to rule out malignancies. In many of these cases, insufficient or no tissue samples are submitted for AF culture. Broad-range bacterial sequencing of nucleic acid extracted from formalin-fixed paraffin-embedded (FFPE) tissues has become a necessary tool, not only to rule out primarily M. tuberculosis infections, but also to provide rapid culture-independent identification and identification to the species level of AFB identified in FFPE samples.
VIRAL INFECTIONS
Cytomegalovirus. Reactivation of latent cytomegalovirus (CMV) in seropositive patients or primary infection in a seronegative HSCT recipient can occur following immunosuppressive therapy resulting in CMV infection or CMV disease. CMV-seropositive HSCT recipients, including those receiving T-cell-depleted grafts or unrelated donor, are particularly at high risk for developing CMV disease until the T-cell response is restored (Table 1) . Current management strategies of transplant patients, including antiviral prophylaxis and preemptive therapy, most commonly with ganciclovir or foscarnet, have resulted in a decreased incidence of early (i.e., first 4 months posttransplant) CMV disease, especially CMV pneumonia. In a recent large single-center retrospective analysis, the all-cause mortality of HSCT patients following the onset of CMV pneumonia was still high, with only 30% survival at 6 months (26) . When outcomes were compared before and after the use of preemptive therapy, only a modest decrease was observed. This study illustrates the continued challenge of accurately diagnosing CMV disease.
Laboratory diagnosis. Detection of CMV is accomplished using either antigen tests or molecular assays, with molecular assays providing rapid turnaround time, increased sensitivity, and objective interpretation of results. A challenge of using molecular assays in HSCT patients comes with the interpretation of the significance of a positive test result in certain specimen types. For example, while a qualitative CMV PCR with high sensitivity may be required for the diagnosis of central nervous system infections, a positive result generated using the same assay on a respiratory sample (e.g., bronchoalveolar lavage fluid) may only represent asymptomatic shedding and not be clinically significant. However, since CMV pneumonia remains associated with severe outcomes, results need to be interpreted in the appropriate clinical context. In general, molecular quantitative CMV tests provide earlier detection of CMV viremia than pp65 antigenemia tests, although the increased sensitivity may result in unnecessary prolonged therapy and increased toxicity. Quantitative assays used in the laboratory for measuring CMV viremia have a significant impact on the clinical management of transplant patients. Since institutional guidelines for initiating therapy rely on specific numerical values generated by the laboratory, a clear understanding of the test performance characteristics, including the specimen type used, the limit of detection, the limit of quantification, the linear range, and the reproducibility of the assay, is necessary for an accurate interpretation of the CMV viral loads. Studies have shown that CMV viral loads measured in whole blood are generally higher than those measured in plasma, as whole blood may contain both free and cell-associated CMV virions. Viral loads in whole blood may therefore overestimate the level of actively replicating viruses (27) . Until recently, standardization of the many laboratory-developed quantitative CMV tests was not feasible. The recent availability of the World Health Organization (WHO) international CMV standards and the introduction of commercial in vitro diagnostic (IVD)-cleared assays should result in improved standardization of CMV viral loads obtained from different institutions.
Epstein-Barr virus. Posttransplant lymphoproliferative disorder (PTLD) is the most common Epstein-Barr virus (EBV)-associated syndrome in HSCT recipients. PTLD represents a group of histopathologically heterogenous disorders, including early lesions (e.g., mononucleosis-like lesions), polymorphic PTLD (polyclonal or monoclonal), and monomorphic PTLD (e.g., lymphoma). PTLD results from the reactivation of EBV in infected B-cell lymphocytes following the loss of EBV-specific T-cell functions due to immunosuppression (Table 1) . Incidence rates of PTLD in allogeneic HSCT recipients range from 0.45 to 29%, depending on several factors, e.g., the type of transplant procedure and the conditioning regimens, and generally occur in the postengraftment and late phases following transplantation (Fig. 1) . Other clinical manifestations of EBV infections in HSCT include enteritis, hepatitis, encephalitis, and pneumonia (28, 29).
Laboratory diagnosis. Qualitative EBV molecular tests are sufficient for the diagnosis of many syndromes, such as encephalitis. Quantitative molecular tests in blood samples are the most useful assays for the detection of EBV reactivation and for monitoring of viral load in blood in PTLD. These assays may also be used to distinguish between asymptomatic and low-level transient reactivation, which does not warrant treatment. To date, no standard threshold for implementing EBV treatment exists. Each transplant center sets up an actionable threshold based on institutional experience and taking into consideration the performance characteristics (e.g., limit of quantitation and reportable range) of the quantitative EBV assay in use and the specific patient population. In general, high viral loads are often detected in patients with PTLD, and changes in viral loads of greater than 0.5 log copies/ml between consecutive samples are considered significant. Unlike CMV, there are still no FDA-cleared commercial quantitative molecular tests for measuring EBV viral loads. Studies have shown significant variability in EBV viral loads generated with laboratory-developed tests across centers, which presents a challenge for patients, laboratories, and clinicians alike, as data generated across centers are not easily compared. In 2011, the 1st WHO international standards for EBV became available, providing an opportunity for standardization of laboratory-developed assays.
Herpes simplex viruses. The risk of HSV infections in cancer patients varies with the underlying disease or chemotherapy treatment. Disseminated HSV infection is now uncommon due to prophylaxis of high-risk patients, and most infections result from reactivation of latent HSV (6) . HSV reactivation manifests either as mucocutaneous lesions of the oropharynx, esophagus, or genitals, with rare cases of HSV encephalitis and pneumonia, occurring in less than 1% of HSCT patients (29). Reactivation of HSV generally occurs during period of neutropenia early in the preengraftment period, but it can develop at any time if immune suppression occurs. Less data are available from patients with solid tumors due to their low risk for reactivation. In a recent study that included 45 cancer patients with confirmed, probable, or possible HSV pneumonia, infection resulted in mortality rates of 22%, with identified risk factors including lymphopenia and prior use of corticosteroids (30).
Laboratory diagnosis. Although direct and indirect fluorescentantibody assays are commercially available and frequently used for the detection of HSV antigens in clinical specimens, their sensitivity may be too low for diagnosis in transplant patients. Several molecular commercial assays are FDA cleared for the qualitative detection and differentiation of HSV-1 and HSV-2 in cutaneous and mucocutaneous lesions, with sensitivity and specificity ranging between 95 and 100% compared to viral culture and many have a turnaround time of less than 4 h compared to days for culture (Table 2 ) (31). Currently, one commercial test, the Simplexa HSV-1&2 (Focus Diagnostics), is FDA cleared for the detection and differentiation of HSV-1/2 from cerebrospinal fluid (CSF). The overall sensitivity and specificity of this assay compared to a laboratory-developed test (LDT) using the Roche HSV 1/2 analyte-specific reagent (ASR) were 96.2% and 97.9%, respectively (32). While the gold standard for the diagnosis of HSV central nervous system infection is molecular testing, diagnosis of other HSV syndromes, aside from mucocutaneous lesions, may be challenging, as shedding of HSV occurs frequently in immunocompromised patients, and the detection of viral nucleic acids need to be interpreted in the right clinical context. Human herpesvirus 6. In HSCT recipients and hematologic malignancy patients, human herpesvirus 6 (HHV-6) reactivates following immunosuppression or chemotherapy in 50 to 90% of HSCT patients, depending on the source of stem cells, with occurrence anytime posttransplantation (Fig. 1) . One of the most commonly reported complications of HHV-6 is encephalitis, which generally occurs in patients with high viral loads, although reports vary depending on the type of transplant (33, 34). In some studies, early reactivation of HHV-6 posttransplantation was associated with delayed neutrophil and platelet engraftment, increased mortality, and the development of acute graft-versus-host disease (GVHD) (35, 36). However, other studies showed no impact from HHV-6 reactivation, and these differences in outcomes may be due to differences in the type of transplant (e.g., cord blood versus HSCT) (37).
Laboratory diagnosis. Quantitative molecular diagnostics assays are the primary methods for the detection and monitoring of HHV-6 infections. All currently used methods are laboratory-developed assays (Table 2) . A diagnostic challenge that is specific to HHV-6 is the differentiation of chromosomally integrated HHV-6 (ciHHV-6) from actively replicating HHV-6. In approximately less than 1% of the population, HHV-6 can integrate into the host telomeres and be transmitted through germ cells, resulting in high viral loads. Detection of HHV-6 in cell-free samples, such as plasma or CSF, may better reflect true infections. Several approaches are used to differentiate between active and latent infections. Whole-blood or plasma PCR with viral loads greater than 10 6 or 10 4 copies/ml, respectively, can be indicative of ciHHV-6. Other methods include reverse transcription-PCR (RT-PCR) to detect HHV-6 mRNA, qualitative PCR, or fluorescent in situ hybridization (FISH) on hair follicles, cytogenetics, and immunohistochemistry tests. More recently, ciHHV-6 was detected by digital PCR, in which the ratio of HHV-6 to total cell counts was measured, with a ratio close to 1 indicative of ciHHV-6 (38). A second challenge, which lines up with other quantitative LDT, is the lack of standardization across tests, making it difficult to compare viral loads obtained across centers. To date, WHO international standards for HHV-6 are not yet available.
Adenovirus. In HSCT recipients, adenovirus infection rates range from 5 to 15%, with clinical disease varying from self-limited infections to severe fatal disseminated disease (39). Mortality rates vary significantly depending on risk factors, such as underlying diseases and the type of transplants (Table 1) . In a recent cohort of HSCT patients transplanted with CD34 ϩ selected stem cells, attributable adenovirus mortality rate was 22%, and in patients with adenovirus viremia, the mortality rate was higher, at 44% (40). However, the mortality rate was significantly lower in a cohort of patients with an alemtuzumab-based allogeneic stem cell transplant, where only 1 patient died from disseminated adenovirus infection (41). Following primary exposure, adenovirus establishes latency in lymphoid cells, and infections in cancer patients occur primarily from reactivation. Adenoviruses are associated with a variety of clinical syndromes, including pneumonia, nephritis, hemorrhagic cystitis, hepatitis, and colitis (39). Laboratory diagnosis. Quantitative PCR assays are used to monitor adenovirus viremia. In some centers, serial monitoring of adenovirus in plasma at various intervals posttransplant has been instituted, with the goal of earlier detection of adenovirus infection. Other specimen types used to predict adenovirus disease include stool samples, which are primarily used to diagnose adenovirus gastroenteritis. In general, adenovirus enteritis is caused by serotypes 40/41, but in cancer patients, adenovirus enteritis can be caused by any subtype, and in our most recent evaluation, types 40/41 were the least common serotypes recovered in stool samples (our unpublished data). This presents a challenge for the laboratory, as these two subtypes are the only two included in most commercially available gastrointestinal (GI) panels, requiring the laboratory to use either viral culture or adenovirus-specific LDT in addition to GI panels. Furthermore, due to the heterogeneity of adenovirus subtypes, the inclusivity of commercial ASR or LDT may be hard to establish conclusively. Similar to other viral infections, quantitative PCR tests are not standardized, making the establishment of valid actionable threshold challenging.
GASTROINTESTINAL VIRUSES
The most common gastrointestinal (GI) virus evaluated in oncology patients is norovirus. In a retrospective review of allogeneic HSCT adults, norovirus nucleic acid was detected in 90% of symptomatic patients, revealing that in many cases, the infection was The importance of other GI viruses, including astrovirus and sapovirus, is less well established, as methods for routine recovery of these viruses were not available until recently. In a few reports from pediatric oncology patients, sapovirus was recovered infrequently, in Ͻ5% of the cases, with diarrhea resolving between 3 and 21 days (44, 45 ). An astrovirus outbreak in a pediatric hematology and HSCT patients unit revealed that symptoms of astrovirus infections in oncology patients lasted longer and caused more severe dehydration than with sapovirus, and similar to norovirus, shedding could last for several weeks (46) . Of note, astrovirus is increasingly being recognized as a neurotropic virus in immunocompromised patients (47) .
Laboratory diagnosis. Molecular methods are the most sensitive laboratory method for the diagnosis of norovirus infections in HSCT recipients and patients with hematologic malignancies. Until recently, a high level of suspicion was required on the part of the clinician to order a specific molecular test for norovirus, as symptoms caused by norovirus cannot be differentiated on clinical presentation alone from other causes of diarrhea, including gut GVHD. This is particularly important, as the management of these two conditions is significantly different, with norovirus infection requiring the attenuation of immunosuppression, while GVHD necessitates increased immunosuppression. The availability of commercially available gastrointestinal syndromic panels that include norovirus has allowed rapid and increased detection of enteritis caused by norovirus. The use of these assays has also provided a useful tool for early recognition and control of outbreaks, which if allowed to go unrecognized can result in significant morbidity and mortality in a high-risk patient (48) . A limitation of RT-PCR for noroviruses is the recognition that oncology patients are often chronic shedders, with reports of asymptomatic shedding detected for several months after the resolution of symptoms. Furthermore, unless molecular typing is performed on all positive norovirus samples, distinguishing established and new infections is not easily accomplished.
Similarly, the inclusion of astrovirus and sapovirus on molecular GI panels will allow for routine testing of symptomatic patients and thus provide data on the epidemiology and clinical significance of these viruses in oncology patients that is currently limited.
RESPIRATORY VIRUSES
Although respiratory viral infections in HSCT recipients and oncology patients often remain limited to the upper respiratory tract, these patients are at an increased risk for developing severe complications, including lower respiratory tract infections, airflow obstruction, and bronchiolitis obliterans (49) . A recent study highlighted the impact of influenza virus infections in an immunosuppressed patient population that included HSCT recipients and other oncology patients. In this study, all immunosuppressed patients required hospitalization for management of influenza, with 18% requiring admission to the intensive care unit for mechanical ventilation (50) .
The incidence of respiratory syncytial virus (RSV) in HSCT recipients is generally higher than that of influenza viruses (2 to 17% versus 1.3 to 2.6%, respectively) (51). Infection with RSV can result in serious complications, similar to those described for influenza viruses. Detection of RSV in the upper respiratory tract is cause for delaying transplant procedures, as 80 to 90% of HCT recipients with upper respiratory RSV infection developed a lower respiratory tract infection (LRTI) within 7 days following the presence of upper respiratory infection (URI) symptoms (51, 52) .
Parainfluenza viruses (PIV) are a common cause of respiratory illness in HSCT recipients. The majority of infections are caused by PIV-3. In a recent meta-analysis study, overall rates were 4% (range, 0.2 to 30%), 37% (range, 0 to 74%), and 10% (range, 0 to 31%) for PIV infections, LRTI, and mortality, respectively, in HSCT recipients and patients with hematologic malignancies (53) . Rates were higher in allogeneic HSCT recipients than in autologous HSCT recipients. Fewer reports, mostly in small cohorts, have been published on the incidence of human metapneumovirus (hMPV) in cancer patients, with reported incidence rates ranging from 2 to 7% and complications and fatality rates similar to those of RSV, with an approximately 39% mortality rate in a recent study (54) .
Laboratory diagnosis. Timely and accurate detection of respiratory viruses is particularly important in cancer patients and HSCT recipients. In general, diagnosis of respiratory viral infections in these patients is done using molecular methods, owing to their increased sensitivity and rapid turnaround time. Several commercial multiplex assays for the detection of respiratory viruses are now available for testing, primarily using nasopharyngeal swab samples. Many laboratories have validated additional specimen types, especially lower respiratory tract samples, for offlabel use with these assays. In addition to well-established pathogenic viruses (influenza viruses and RSV), many panels include viruses, such as picornaviruses (rhinoviruses and enteroviruses) and coronaviruses. These two groups of viruses are frequently recovered among allogeneic HSCT recipients in the first 100 days after transplant and pediatric patients with leukemia, but their impact on morbidity and mortality is not well understood yet (55) . An additional challenge with the routine diagnosis of respiratory viruses in transplant patients is their potential for extended shedding. A recent study from our center compared shedding in the culture era to that in the molecular era in both adult and pediatric high-risk oncology patients. Shedding was detected longer for all viruses by PCR, but statistically significant differences were observed in the median duration of shedding for RSV and PIV, at 11 days (range, 5 to 35 days) versus 16 days (range, 5 to 50 days) and 9 days (range, 5 to 41 days) versus 17 days (range, 5 to 45 days), respectively (56) . The significance of extended shedding as detected by PCR is unclear, but its impact on patient care is significant, and additional studies are necessary to clearly understand the kinetics of respiratory viruses in oncology patients.
FUNGAL INFECTIONS
Aspergillus species. Invasive aspergillosis (IA) most commonly presents as a pulmonary infection and remains associated with significant mortality in cancer patients, especially in patients with hematologic malignancies and in allo-HSCT recipients. IA develops during the pre-and early postengraftment periods when neu-tropenia-increased immunosuppressant therapy and broad-spectrum antibiotics are present (Table 1 and Fig. 1) . Aspergillus fumigatus is the most frequently recovered species, but other species often recovered include A. niger, A. flavus, and A. terreus. A. terreus is of special importance due to its increased resistance to amphotericin B and, although rare, its potential to cause true fungemia in patients with hematologic malignancies (57, 58) .
Yeast species. Clinical manifestations of Candida species infection in cancer patients include candidemia, chronic disseminated candidiasis, and mucosal candidiasis. Candidemia may develop early, in the preengraftment or early postengraftment period, and in persistently neutropenic cancer patients remains associated with poor outcomes (59) . The increased use of fluconazole prophylaxis has resulted in a significant decrease in invasive candidal disease (from 18% to 7% in one study), especially that caused by Candida albicans (60) . Concomitantly, an increase in fluconazole-resistant non-albicans Candida species has been observed in geographically diverse centers (61) . C. glabrata is the most common non-albicans Candida species recovered in patients with hematologic malignancies, but other species, including C. krusei and C. parapsilosis, are also observed (60, 62) .
Trichosporon species, Geotrichum species, and Rhodotorula species are a few of the rare but emerging opportunistic yeasts causing significant morbidity and mortality in oncology patients. Patients with hematologic malignancies, particularly those with acute leukemia, account for 50 to 90% of reported cases, with a mortality rate ranging from 35 to 77% (63, 64) . Identified risk factors for increased mortality included active neutropenia Trichosporon species fungemia and admission to the intensive care unit (ICU) (64) .
Non-Aspergillus molds. Infections caused by Rhizopus species and Mucor species are still uncommon in cancer patients, especially in patients with solid tumors (58) . However, the mortality rates associated with these infections remains significantly high, and with the clinical presentation mimicking that of Aspergillus pneumonia, distinction of the two syndromes without laboratory cultures may be challenging. In a recent large study reviewing cases of non-Aspergillus invasive mold infections in allogeneic HSCT recipients, the overall incidence rate was only 1% (124 cases/11,980 patients) for development of infection within 1 year of the transplant. The overall mortality within 1 year of transplant was 78%, which has not changed significantly from rates of 80% reported in the 1990s (65, 66) . Mucormycosis infections occur more commonly in the preengraftment period, although higher mortality is associated with infections occurring in the late postengraftment period (Fig. 1) . Other significant mold pathogens in transplant patients include Fusarium species and Scedosporium species. Risk factors for these infections include umbilical cord blood transplants and prior CMV infection for Fusarium (Table 1) (65, 67) .
Laboratory diagnosis. Methods used to detect fungi include culture, fungal stains, and fungal antigen assays, such as the Aspergillus galactomannan and the ␤-D-glucans tests. Each of these assays has advantages and limitations, including low recovery rates and long turnaround time (e.g., culture) or limited specificity (e.g., ␤-D-glucans). The utility of antigen tests is varied and highly dependent on the patient population, exposure to antifungal prophylaxis, and the responsible mold (68, 69) . For example, in patients with hematologic malignancies, the sensitivity of the galactomannan for invasive fungal infection (IFI) caused by A. fumigatus was lower (13%) than that caused by other Aspergillus species (49%) (70) . This is challenging, since A. fumigatus is the most common Aspergillus species causing IFI, and many oncology patients are on antifungal prophylaxis. Serial monitoring of serum galactomannan or ␤-D-glucans can increase sensitivity, although the exact frequency of testing is unknown. A different approach combining serial monitoring of both galactomannan and ␤-D-glucans shows potential to increase the diagnostic and prognostic value of these tests in monitoring of the treatment response (71) . The application of these tests to other specimen types (e.g., bronchoalveolar lavage [BAL] fluid and CSF) is increasingly performed, although the interpretation of the results is not always straightforward. The multitude of available tests underscores the continued challenge of diagnosing IFI. Furthermore, special processing of tissue samples (e.g., mincing instead of grinding) is necessary to increase the recovery of Mucorales, and a high level of suspicion is necessary on the part of clinicians to alert the laboratory. Laboratory-developed molecular assays generally have higher sensitivity than culture but limited clinical specificity and limited range, only targeting a few organisms. Panfungal molecular assays, which target a larger number of clinically relevant fungal pathogens, have also been reported, with sensitivity and specificity ranging from 75 to 100% and 75 to 95% depending on the target and specimen type (72, 73) . Of note, the current definition of IFI (proven, probable, and possible) as stated by the Mycoses Study Group and the Cooperative Group of the European Organization for Research and Treatment of Cancer (EORTC) does not yet include the use of molecular tests (74) .
Pneumocystis jirovecii. Implementation of routine prophylaxis with trimethoprim-sulfamethoxazole has significantly reduced the incidence of Pneumocystis jirovecii pneumonia (PCP) from 16% in HSCT recipients to less than 1% (75, 76) . Williams and colleagues have recently reviewed PCP data from the Center for International Blood and Marrow Transplant Research (CIBMTR), which includes 66 centers around the world. The overall incidence rate was less than 1%, with rates in allogeneic HSCT recipients double those in autologous HSCT recipients (0.68 versus 0.28%, respectively) (76) . Most PCP infections occurred in the postengraftment period, with 50% of cases occurring after 270 days, but up to 25% of cases were observed early, during preengraftment. Although overall incidence was rare, the mortality rate associated with PCP remains high, and as such, PCP continues to be an important fungal infection in cancer patients.
Laboratory diagnosis. Direct microscopic examination, including calcofluor white stain and direct fluorescent-antibody assay, provides a fairly specific means to identify the organism, but it lacks reliable sensitivity to exclude infection. Molecular methods (e.g., PCR) have demonstrated a significantly higher sensitivity for detecting the presence of P. jirovecii. In HSCT recipients and patients with hematologic malignancies, pulmonary symptoms and radiological findings (e.g., ground-glass opacities) may be suggestive of PCP. However, the prevalence of P. jirovecii infection without disease, often labeled airway "colonization," remains unclear. Algorithms combining high levels of ␤-D-glucans (e.g., Ͼ500 pg/ ml) and positive PCR results are options used to increase the specificity of laboratory diagnostics of PCP. Since ␤-D-glucans is produced by various fungal pathogens, the exact threshold that provides specificity for PCP in oncology patients remains to be determined.
PARASITIC INFECTIONS
Toxoplasma gondii. Surveillance studies estimate that the overall seroprevalence of T. gondii in allogeneic HSCT recipients is approximately 10% in the United States and 8 to 16% in Europe (77, 78) . T. gondii infections occur most commonly from reactivation of a latent infection following transplantation and less frequently from primary infection or donor-related infections. Among HSCT recipients, the risk of reactivation is higher for Toxoplasmaseropositive allogeneic HSCT recipients and lower in seronegative autologous HSCT recipients. In one review of the existing literature, 73% of toxoplasmosis occurred following reactivation in allo-HSCT patients compared to 41% reactivation in autologous HSCT patients. In allogeneic HSCT recipients, the development of toxoplasmosis disease, primarily central nervous system and disseminated disease, results in attributable mortality rates of 62%, with studies reporting mortality rates as high as 100% (78) . In order to prevent the reactivation of T. gondii in HSCT recipients, many transplant centers have implemented a prophylaxis protocol (e.g., trimethoprim-sulfamethoxazole) for seropositive HSCT recipients prior to engraftment, as most cases of toxoplasmosis occurred in the first 90 days posttransplantation (79) .
Laboratory diagnosis. Prompt diagnosis of Toxoplasma reactivation is necessary to decrease mortality rates in high-risk patients. The most common method used is molecular surveillance using nucleic acid amplification tests (e.g., PCR) at various intervals posttransplantation for a predetermined period, depending on the centers and the type of transplants (e.g., cord blood HSCT versus autologous HSCT). Both qualitative and quantitative PCRs are used, and all the available methods are nonstandardized LDTs with different but generally similar performance characteristics (77) . The yield of PCR surveillance (i.e., number of reactivating patients) varies widely, and as such, the utility and associated cost of this monitoring approach in HSCT recipients with low seropositive prevalence and on adequate prophylaxis are not always evident. In addition to molecular methods for diagnosis, serology assays (both indirect fluorescent-antibody assay [IFA] and enzyme immunoassay [EIA]) may be used once a patient's immune system has recovered. As Toxoplasma IgM is rarely detected, an important test to distinguish between recent and past infection is the IgG avidity assay, which is most commonly performed at reference laboratories.
Strongyloides stercoralis. HSCT recipients and hematologic malignancy patients are at increased risk of developing Strongyloides stercoralis hyperinfection syndrome, following administration of a high level of corticosteroids and decrease in cell-mediated immunity. Hyperinfection syndrome results from an increase in the concentration of circulating Strongyloides filariform larvae occurring through autoinfection with parasites acquired from previous exposures. Further complications, including bacterial sepsis, with enteric Gram-negative bacilli (K. pneumoniae and P. aeruginosa) may occur as a result of the filariform larvae moving from the intestinal tract into the circulation. Reported mortality rates for HSCT patients are high, approximately 90%, even after administration of ivermectin. This is due in part to challenges in recognizing and diagnosing the infection. Since infections occur primarily in patients with latent infections, serological screening is recommended for patients from regions of endemicity or for those with the appropriate travel history prior to HSCT. Unlike patients with hematologic malignancies, solid-tumor oncology patients generally do not develop disseminated or hyperinfection syndrome with S. stercoralis. In one study, approximately 50% of cancer patients with Strongyloides infection had solid tumors, and none of these patients developed disseminated infections, even following the administration of high-dose corticosteroids (80) .
Laboratory diagnosis. Timely diagnosis of S. stercoralis can be challenging, requiring a high degree of suspicion. Patients may present with transient mild eosinophilia and a range of nonspecific symptoms, including diarrhea, skin rash, dry cough, dyspnea, and wheezing. The primary method for diagnosis remains the ova and parasites (OVP) exam, performed on stool samples, as well as respiratory specimens, including expectorated sputum, bronchoalveolar lavage fluid, and CSF. However, due to intermittent shedding, multiple stool samples (Ͼ3 stools) need to be analyzed to increase the sensitivity, which is 30% for one sample and 100% for 7 samples. To complement microscopy, or in case of negative OVP result, the detection of Strongyloides antibodies may provide the only evidence of infection in the presence of eosinophilia, with sensitivity ranging from 88 to 95%. Serological tests, however, have lower sensitivity in immunocompromised patients and are subject to false-positive results from cross-reaction with antigens from other helminths, and a single positive result cannot distinguish between past and present infections (81) . The sensitivity of S. stercoralis detection may be enhanced with the use of culture methods (e.g., the Baermann culture, Harada-Mori filter paper test tube culture, and stool agar culture, with stool agar culture being the simplest to perform [82] ). In some instances, S. stercoralis may be detected as an incidental finding on bacterial cultures of stool or respiratory specimens by visualizing the migrating larval tracks.
CONCLUSIONS AND FUTURE PERSPECTIVES
Significant improvements in the conditioning regimen, the sources of stem cells, the type of transplant, and the pre-and posttransplant care protocols have resulted in patients surviving for many years following their procedure. However, the immunosuppression associated with both HSCT and chemotherapy treatments increases the susceptibility of oncology patients to a variety of infectious agents at different stages of their treatment, and as such, infectious complications remain a significant cause of morbidity and mortality in these patients. This minireview provided an overview of some of the most common infections in oncology patients and presented current laboratory diagnostic methods used by clinical microbiologists supporting the care of these patients.
What are the challenges and opportunities in the laboratory diagnosis of HSCT recipients and oncology patients? The significant overlap between infectious and noninfectious causes of syndromes experienced by these patients and the decreased inflammatory and immune responses associated with the procedures used present a significant challenge in knowing when to stop the search for a pathogen or when to continue and throw the proverbial "kitchen sink" at the problem. The increased availability of syndromic panels and other molecular diagnostic tests has significantly improved our ability to identify pathogens with increased sensitivity and speed. These panels are helpful in identifying pathogens which would otherwise require a specific order to rule out (e.g., sapovirus). However, opportunity exists to include pathogens that are emerging in cancer patients (e.g., Microsporidia). These sensitive assays are also challenging us to reconsider what is significant and take a closer look at the host to make that determination. As discussed throughout this minireview, the earlier a pathogen can be identified, the better the outcome for the cancer patient, as targeted therapy and care can be rapidly implemented. We do, however, need a better kitchen sink to further reduce the morbidity and mortality associated with infections postcancer therapy. While panfungal or panbacterial sequencing assays have proven useful, the potential of panpathogen approaches, possible with unbiased whole-genome sequencing (WGS), holds promise for further expanding our diagnostic capabilities. Other non-nucleic acid-based methods including pathogens and/or host biomarkers will be needed to assist in the interpretation and determination of the clinical significant of WGS data. This minireview highlighted a few of the challenges and the many opportunities that clinical microbiologists have in supporting the care of cancer patients. 
